Proteinaceous cast formation in the distal nephron of the kidney from low molecular weight proteinuria is a significant, but poorly characterized, cause of renal failure. To study this phenomenon, we: (a) microperfused the loop segment (LS) of rats in vivo with artificial tubule fluid (ATF) containing four different low molecular weight proteins, 0.01-50 mg/ml, to detect alterations in LS function, and (b) examined the interaction between several proteins and Tamm 
deposition ofmonoclonal immunoglobulin light chains, which are also known as Bence Jones proteins (BJP), were found in over 2% ofrenal biopsies (1) . For BJPs, hemoglobin, and myoglobin (MYG), the tubulointerstitium is the usual site of damage (2) (3) (4) (5) . Although proximal tubule injury occurs with reabsorption and catabolism of some LMWPs (6-8), a major morphologic pattern of tubule damage in patients (2, 3, (9) (10) (11) and several experimental models of LMWP nephrotoxicity (5, 10, (12) (13) (14) consists of casts of LMWPs in the lumen of the distal nephrons.
Protein casts suggest an important role of intranephronal obstruction in the pathogenesis of renal failure from LMWPs. Physiologic evidence of intranephronal obstruction is provided by Weiss et al. (14) , who demonstrated increased proximal tubule (PT) pressures and simultaneously reduced single nephron glomerular filtration rate with intravenous infusion of a human X BJP into rats. Because Tamm-Horsfall glycoprotein (THP) is identified in these casts (2, 3, (9) (10) (11) and coprecipitates with some LMWPs in vitro (15) , a role for THP in cast formation is postulated. Recently, we (8) have shown that some, but not all, nephrotoxic LMWPs precipitate and occlude the lumen ofthe distal nephron, which is the site ofTHP formation and secretion (16) .
The purpose of this study was to examine in detail this process of intranephronal precipitation of LMWPs with in vivo microperfusion of the loop segment (LS) of the rat nephron and in vitro analysis of THP and LMWP interaction using turbidity and dynamic light-scattering measurements, that served as sensitive monitors of aggregation of these proteins in solution. Our studies demonstrated that, in this group of eight different proteins that were examined, protein cast formation was a function of both the isoelectric point (p1) of the LMWP and the ability of the LMWP to alter chloride absorption in the LS to produce the optimum environment for protein precipitation.
against distilled water using cellulose dialysis tubing (Spectropor membrane tubing; Fisher Scientific Co., Fair Lawn, NJ) that had a 12-14-kD cutoff. The protein was iyophilized and stored at -20'C until use. Purity was confirmed by electrophoresis on 10% polyacrylamide gels (Mini-Protean II Dual Slab Cell; Bio-Rad Laboratories, Richmond, CA) containing 0.1% SDS-PAGE, using the discontinuous buffer system described by Laemmli (18) . A single band of -80 kD was identified after staining with 1% Coomassie blue (LKB Instruments, Inc., Bromma, Sweden). Ouchterlony double-diffusion analysis using goat antihuman uromucoid (Organon Teknika-Cappel, Durham, NC) demonstrated a single precipitin arc.
Three of the LMWPs were human BJPs (BJPI, BJP2, and BJP3) -2 K, I A-that were purified from the urine of patients who had multiple myeloma and renal failure using previously described techniques that included ammonium sulfate precipitation, ion exchange chromatography, and extensive dialysis (6) . Rabbit myoglobin (MYG), lysozyme (LYZ), ,-lactoglobulin (BLG) (all from Diversified Biotech, Newton Center, MA), and albumin (ALB) (bovine serum albumin, fraction V, essentially fatty acid-free; Sigma Chemical Co., St. Louis, MO) were also used. Cationic human serum ALB was a generous gift from Dr. John R. Hoyer (Children's Hospital ofPhiladelphia, Philadelphia, PA).
Ouchterlony double diffusion confirmed the isotype of the BJP using monoclonal and polyclonal antibodies to human K and A light chains (Behring Diagnostics, San Diego, CA). Molecular forms, molecular weights, purity, and pI ofall of the proteins were determined with SDS-PAGE using both reducing and nonreducing conditions, gel filtration chromatography, and isoelectric focusing with Ampholine PAGplates, pH 3.5-9.5 (LKB Instruments, Inc.), as indicated (6, 8) .
Animal preparation. Description of the anesthesia and surgical preparation of the rats used for in vivo microperfusion of the LS has been standardized in our laboratory and reported in detail (6, 8, 19) . Briefly, male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA, and National Cancer Institute, Frederick, MD), which weighed between 160 and 310 g (mean, 230±7 g) and were maintained on standard rat chow (Prolab 1000; Agway Inc., Syracuse, NY) and tap water ad lib., were anesthetized with ethyl, 1-methylpropylthiobarbiturate (Inactin; BYK Gulden, FRG), 100 mg/kg body weight (BW), intraperitoneally. After placement on a servo-controlled heated table, tracheostomy and cannulation ofthe right external jugular vein were performed, followed by infusion of Ringer-bicarbonate with 2% polyfructosan (Inutest; Laevosan-Gesellschaft, Linz, Austria) at 1.2 ml/ l00 g BW/h after a I -ml bolus. The right femoral artery was cannulated to sample blood and monitor arterial pressure using a unigraph (model ICT-1H; Gilson Medical Electronics, Inc., Middleton, WI). The bladder was catheterized through a suprapubic route for urine collections. The left kidney was exposed through a subcostal incision and was placed in a Lucite* cup. A well was formed on the surface of the kidney with 4% agar and filled with water-equilibrated, warmed mineral oil.
LS perfusion. After a 1-h equilibration period, arterial blood was sampled for determination of hematocrit, plasma osmolality, and plasma sodium, potassium, chloride, and protein concentrations, and microperfusion was begun. Perfusion of the LS of surface nephrons was performed as described by Booker and associates (20) . The LS was defined as a short terminal section of the proximal convoluted tubule, the proximal straight tubule, the thin descending limb of Henle's loop, the medullary and cortical portions of the thick ascending limb (TALH), and a short initial segment ofthe distal convoluted tubule. A pipette filled with Food, Drug and Cosmetic green (No. 3-tinted; Keystone Aniline and Chemical Co., Chicago, IL), nonradioactive artificial tubule fluid (ATF) was inserted into a PT at random and a small bolus injected to identify both latest-surface proximal and earliest-surface distal sites. A perfusion pipette was inserted into the latest accessible surface PT and perfusion begun at 22 nl/min using a precalibrated microperfusion pump (World Precision Instruments Inc., New Haven, CT (21, 22) . Solutions with the same chemical composition and protein concentrations as those used in the turbidity measurements (above) were used in these experiments, but the solutions were allowed to equilibrate for at least 2 h before measurements were made. To completely remove dust particles, which interfere with these measurements, the solutions were filtered with 0.45-Mm filters before mixing. The solutions contained THP The theory of dynamic light scattering and its measurement by photon correlation spectroscopy has been described in standard treatises (21, 22) . Information that is pertinent to the present study is summarized here. The intensity of light scattered from a solution of macromolecules fluctuates rapidly about some average value due to thermal motions of the molecules. The output of the instrument detector represents the intensity of the scattered light, I(t). This signal was analyzed in the form of the intensity autocorrelation function, G(r), given by (22) where r is the signal delay time (r was varied relative to the size of the macromolecules in the test solution to produce a satisfactory exponentially decaying function) and < > represents a time average.
Since the macromolecules under study were polydisperse, G(r) was corrected with the method ofcumulants (23) and expanded to the third moment (23, 24) . These steps were carried out in the present work with the Brookhaven computer programs (Expsam 2.1 and BI 2030; Brookhaven Instrument Corp.). The mean translational diffusion coefficient (D)) of the protein molecules was calculated from the autocorrelation function (22) : G(r) = 1 + (b) exp(-2D~q2T), where b is a constant determined by the optics and geometry ofthe instrument and q is the magnitude of the scattering vector, which is a function of the laser wavelength and scattering angle.
The effective diameter (d) of the scattering macromolecule was calculated from the Stokes-Einstein relation (25) 
where kb is the Boltzmann constant, T is the absolute temperature of the solution, and n is the viscosity of the solvent. Analytical methods. Detailed methodology for determination of inulin clearance, hematocrit, plasma osmolality, and plasma sodium, potassium, chloride, and protein concentrations has been reported (6) . These values, which were obtained at the start and completion of the microperfusion period, were averaged for each rat.
Microanalysis was performed using previously described techniques (6) . The volume of fluid collected from the LS was measured using constant bore glass tubing and a microslide comparator (Gaertner Scientific Co., Chicago, IL Four unique proteins, including ALB, MYG, BJP1, and BJP3, were used in these perfusion experiments (Table I) (Fig. 2) . Although MYG was not examined with this system, a visible precipitate developed with the addition of MYG to those THP solutions that had [NaCI] > 80 mM. Coprecipitation of the test LMWP with THP was related to pI of the LMWP, because no change in turbidity occurred when the pl was < 5.2. Those proteins with the highest pis tended to produce the greatest percent increase in turbidity (Fig. 2) . Cationic ALB, which had a pI of9.2, dramatically aggregated with THP ( Fig. 3) (Fig. 4) , but [MgCl2J, 2 or 4 mM, had no effect on turbidity.
Dynamic light scattering. The results of light scattering were complementary with the turbidity measurements. The solutions that were used included THP alone, test proteins (ALB, LYZ, BJP1, and BJP3) alone, and THP combined with the test proteins. Aggregation of LYZ, BJP1, and BJP3 with THP was demonstrated by an increase in d and decrease in the D, ofthe macromolecules in those protein solutions (Table II) . These findings were compared with data obtained from previous work (8) using these proteins (Table III) . Cast-forming proteins aggregated with THP in vitro and also decreased chloride absorption by the LS in vivo, which elevated ED [Cl-] and facilitated aggregation (as demonstrated in vitro). In contrast, the non-cast-forming proteins either did not interact with THP (e.g., ALB and BLG) or lowered ED [Cl-], which diminished aggregation with THP, as shown in vitro with BJP1. Taken together, the results using these proteins demonstrated that aggregation with THP and altered LS function were independent events that participated in the formation of LMWP casts in the distal nephron (Table III) . An important role of THP in formation of distal nephron casts of LMWPs has been postulated (2, 3, 9-11, 15, 16) . This glycoprotein has been shown to be a secretory product of cells of the TALH and early distal convoluted tubule (16) and the major constituent of casts in urine (16, 32) . Several studies (2, 3, 9-11, 16) have demonstrated THP in distal nephron casts of patients with cast nephropathy from Bence Jones proteinuria. In addition, coprecipitation of human THP with hemoglobin, MYG, and two unique human BJPs has been shown to occur in vitro (15) . Decreasing the pH ofthe solution and, to a lesser extent, increasing the concentration of LMWP, enhanced precipitation (15 30) had no effect on viscosity (33) . Our light-scattering data using solutions of THP alone corroborated the finding of increasing size of THP with increasing [NaClJ within the physiologic range seen in the TALH (26) (27) (28) . Electron microscopic examination of THP solutions confirmed lateral association of the filamentous molecules of THP in concentrated salt solutions (36) and thus provided morphologic correlation of these viscometric and light-scattering observations. Since the test proteins were not affected by the [NaCl] or [CaCl2J ofthe solution alone, increasing the size and molecular form of THP allowed this protein to serve as a nidus upon which LMWPs with pI > 5.1 aggregated.
The mechanism by which aggregation of THP with LMWPs occurs in the presence ofNaCl is unknown. In neutral solution, THP, which has a pI of 3.5 (15) , and those LMWPs with pl < 7 (ALB, BLG, BJP2, and BJP3) have net negative charges. Thus, aggregation of THP with these proteins is unlikely because ofthe net electrostatic repulsion. In the presence of increasing [NaCl], however, individual positive and negative charges in these proteins are increasingly shielded by the electrolyte ions. This shielding should reduce net electrostatic repulsion and promote interaction between the molecules of THP as well as these acidic proteins. Aggregation occurred between THP and BJP2 and BJP3 in NaCl, although not with ALB and BLG, which had the lowest pIs (Fig. 2) . The cationic LMWPs (BJPl, LYZ, and cationic ALB) carry net positive charges at pH 7.0. These proteins can interact electrostatically with the negatively charged THP even in the absence of NaCl. Indeed, an increase in baseline turbidity of these solutions of THP and cationic proteins was observed in the absence of NaCl (Figs. 2 and 3) . Addition of NaCl to these solutions is expected to partially shield individual charges, leading to a decrease in electrostatic interaction with THP. Also, since the turbidity of the solutions of THP and cationic ALB was considerably greater than that observed with any of the other proteins, it appears that two types of interaction may be responsi- (8) , actually augmented chloride absorption in the LS and decreased luminal [CI-], thereby diminishing aggregation with THP. The finding that certain BJPs produced LS dysfunction also provided an explanation for the clinical observation that patients who had multiple myeloma, renal failure, and Bence Jones proteinuria were unable to concentrate their urine as well as patients who had myeloma and similar degrees ofrenal failure but no BJP in the urine (37).
Since altered LS function and aggregation with THP did not coincide among the LMWPs that were tested (Table III) , these independent events were related to different physicochemical properties ofthe LMWPs. Unlike aggregation, which was related to the pI ofthe LMWP, no relationship between LS alteration and pI was apparent. Alteration of LS function was related to the concentration of the LMWP (Fig. 1) , but not to isotype or molecular form. The physicochemical property that conferred this ability to alter LS function was not determined. Thus, pl plus another, as yet unidentified, physicochemical property of LMWPs produced cast formation. These findings also explain the discrepancy in the literature (10) regarding the correlation between pI of BJP and clinical renal failure, because two properties of the LMWP were important determinants of protein precipitation.
To the extent that these results can be extrapolated to humans, LMWP nephrotoxicity from protein cast formation in the distal nephron is related to aggregation of the LMWPs with THP. This aggregation is a function of the luminal concentration and pl ofthe LMWP and the environment in which these proteins interact. Luminal [NaClJ, [Ca2+] , and [Hf] in the distal nephron, the site of THP secretion (16) , are important because increasing the concentrations of these ions increases the molecular size and form of THP, providing the nidus for aggregation with LMWP. Because some, but not all, LMWPs can alter chloride absorption in the LS, this physiological alteration becomes a major determinant of cast formation, occasionally militating against the contributory effect of the cationic charge of the LMWP. For example, BJP1, with a pI of 7.6-7.7, aggregated with THP in vitro, but increased chloride absorption and decreased chloride concentration of ED and did not precipitate and obstruct the rat nephron in vivo (8) . Inasmuch as ALB enhanced chloride absorption in the LS, an effect opposite that of cast-forming LMWPs, which decreased chloride absorption, ALB could potentially antagonize the formation of casts of LMWP. Clinically, despite the presence of Bence Jones proteinuria, glomerular lesions from light-chain deposition have not generally occurred with distal nephron cast formation (38) , perhaps related to concomitant albuminuria. Augmented LS chloride absorption from albuminuria might also partially explain the renal sodium avidity of patients with nephrotic syndrome.
Other (41) . In addition, furosemide has been shown to increase THP secretion in slices of rat kidney cortex in vitro (42) . Thus, loop diuretics, despite the potential benefit of increasing tubule fluid flow rate, could aggravate cast nephropathy in susceptible patients with Bence Jones proteinuria when the pI of the LMWP is> 5.1, especially in the setting of volume depletion.
In conclusion, our data using eight different proteins demonstrate that cast formation, which is a major cause ofclinical renal failure from LMWPs, occurred because ofaggregation of the LMWP with THP. Aggregation was related to the pI ofthe LMWP and the electrolyte composition of the surrounding milieu. LMWPs destined to form casts altered LS function that increased tubule fluid chloride concentration, promoting aggregation of THP and subsequent coprecipitation with the LMWP. It should be noted that only four proteins were used in these LS studies. Thus, other as yet unidentified variables may also play a role in cast formation. These findings provide insight into several clinical observations of LMWP nephrotoxicity in humans and present new concepts potentially useful in the management ofpatients who have myoglobinuria or Bence Jones proteinuria.
